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Abstract: Previous research on the effect of replacing sources of animal protein with plant protein
on glycemic control has been inconsistent. We therefore conducted a systematic review and
meta-analysis of randomized controlled trials (RCTs) to assess the effect of this replacement on
glycemic control in individuals with diabetes. We searched MEDLINE, EMBASE, and Cochrane
databases through 26 August 2015. We included RCTs ě 3-weeks comparing the effect of replacing
animal with plant protein on HbA1c , fasting glucose (FG), and fasting insulin (FI). Two independent
reviewers extracted relevant data, assessed study quality and risk of bias. Data were pooled by
the generic inverse variance method and expressed as mean differences (MD) with 95% confidence
intervals (CIs). Heterogeneity was assessed (Cochran Q-statistic) and quantified (I2 -statistic).
Thirteen RCTs (n = 280) met the eligibility criteria. Diets emphasizing a replacement of animal
with plant protein at a median level of ~35% of total protein per day significantly lowered HbA1c
(MD = ´0.15%; 95%-CI: ´0.26, ´0.05%), FG (MD = ´0.53 mmol/L; 95%-CI: ´0.92, ´0.13 mmol/L)
and FI (MD = ´10.09 pmol/L; 95%-CI: ´17.31, ´2.86 pmol/L) compared with control arms.
Overall, the results indicate that replacing sources of animal with plant protein leads to modest
improvements in glycemic control in individuals with diabetes. Owing to uncertainties in our
analyses there is a need for larger, longer, higher quality trials. Trial Registration: ClinicalTrials.gov
registration number: NCT02037321.
Nutrients 2015, 7, 9804–9824; doi:10.3390/nu7125509
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1. Introduction
Diabetes association guidelines (i.e., American Diabetes Association and European Association
for the Study of Diabetes) do not currently recommend the intake of major sources of plant protein
such as soy, soy-derived foods (e.g., tofu) and nuts for optimal glycemic control [1,2]. One exception
is dietary pulses (i.e., beans, peas, chick peas, and lentils), which have recently been recommended
by the Canadian Diabetes Association clinical practice guidelines for improving glycemic control in
individuals with type 2 diabetes (T2D) [3]. Plant proteins are a major component of vegan and/or
vegetarian dietary patterns and have been shown in prospective cohort and cross-sectional studies
in Seventh-day Adventists to be associated with lower diabetes risk [4,5] and all-cause mortality [6].
Evidence from a systematic review and meta-analysis of RCTs also suggests that vegetarian diets
may improve glycemic control in individuals with T2D [7]. Furthermore, a recent prospective cohort
study conducted in over 92,000 women from the Nurses’ Health Study II and over 40,000 men from
the Health Professionals Follow-up Study found that substituting 5% energy from plant protein for
animal protein was associated with an 18% reduced risk for T2D and substituting 1 serving per
day of plant protein foods for animal protein foods was associated with 10%–21% reduced risk for
T2D [8]. On the contrary, evidence from previous meta-analyses of prospective cohort studies [9,10],
as well as more recent prospective cohort studies [11] have shown that diets higher in animal protein,
specifically in red meat, are associated with an increased incidence of T2D. A recent review has
even suggested that meat consumption be considered as a risk factor for T2D [12]. However, it is
unclear whether the replacement of animal with plant protein would confer glycemic control benefits
in individuals with diabetes. Evidence from RCTs remains inconsistent: some trials have shown
replacement of animal with plant protein significantly improved glycemic control [13,14], whereas
others have shown no effect [15,16]. We therefore conducted a systematic review and meta-analysis
of RCTs to synthesize the effect of replacing sources of animal protein with plant protein on glycemic
control assessed by HbA1c , fasting glucose, and fasting insulin in individuals with diabetes.
2. Methods
We followed the Cochrane Handbook for Systematic Reviews of Interventions for the planning
and conduct of this meta-analysis [17]. Reporting followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines [18]. The review protocol is available
at ClinicalTrials.gov (registration number: NCT02037321).
2.1. Data Sources and Searches
We searched the databases MEDLINE [19], EMBASE [20], and the Cochrane Central Register
of Controlled Trials [21] through 26 August 2015 using the search strategy shown in Table S1.
Manual searches of reference lists of review articles and included trials supplemented the electronic
database searches.
2.2. Study Selection
We included RCTs that compared a diet emphasizing the replacement of animal protein sources
(e.g., meat, dairy, etc.) with major sources of plant protein (e.g., legumes, nuts, etc.) on HbA1c ,
fasting glucose, and/or fasting insulin to a control diet without this replacement matched for
energy (isocaloric) for a follow-up duration ě3 weeks in individuals with diabetes (type 1 diabetes
(T1D) and/or T2D). Trials that consisted of a non-randomized treatment allocation, <3-weeks
follow-up duration, non-isocaloric comparisons, lacked a suitable control (i.e., plant protein source
in intervention arm did not replace an animal protein source in the control arm), were not conducted
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in individuals with diabetes, or did not provide suitable endpoint data were excluded. No restrictions
were placed on language.
2.3. Data Extraction and Quality Assessment
Two investigators (Effie Viguiliouk and one of: Sarah E. Stewart, Alena Praneet Ng , Viranda
H. Jayalath or Arash Mirrahimi) independently reviewed all reports that met the inclusion criteria.
A standardized form was used to extract relevant information on trial characteristics and endpoint
data. Trial characteristics included: sample size, participant characteristics (e.g., health status, sex,
age, etc.), study setting (outpatient or inpatient and country), design (crossover or parallel), level
of feeding control (metabolically controlled, partially metabolically controlled, or dietary advice),
intervention arm (plant protein type), percent and grams per day of animal protein replaced with
plant protein (from total protein), control arm (animal protein type), food form (whole food or
powder), macronutrient breakdown of background diet(s), energy balance (neutral, positive or
negative), follow-up duration, and funding source type (agency, industry, or both). Where available,
the mean ˘ standard deviations (SD) for baseline, end, and change from baseline values, as well
as mean differences (MD) were extracted for the primary endpoints (HbA1c , fasting glucose, and
fasting insulin). Missing SDs were calculated from other available data (95% confidence intervals
(CIs), p-values, t or F statistics, standard error (SE)) using standard formulae recommended by the
Cochrane Collaboration [17]. Authors were contacted to provide missing data.
The quality of each trial was assessed using the Heyland Methodological Quality Score (MQS),
where a maximum score of 13 points could be received on the basis of information provided for the
trials study design, sample and intervention [22]. Trials receiving scores of ě8 and <8 were considered
to be of higher and lower quality, respectively. Disagreements on MQS scores were resolved by
consensus. The risk of bias of each trial was assessed using the Cochrane Risk of Bias Tool [17].
Domains of bias assessed were: sequence generation, allocation concealment, blinding, outcome data,
and outcome reporting. Trials were marked as “high risk of bias” when the methodological flaw was
likely to have affected the true outcome, “low risk of bias” if the flaw was deemed inconsequential
to the true outcome, and “unclear risk of bias” when insufficient information was provided to permit
judgment. For trials reported exclusively in a published abstract [23] study quality and risk of bias
were not assessed. All disagreements were resolved by consensus.
2.4. Data Synthesis and Analysis
Data for primary analyses were conducted using Review Manager (RevMan), version 5.3 (The
Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark). The difference
between the intervention and control arm’s change from baseline value was calculated from each
trial for the each of the three primary endpoints. If change from baseline values were not
available, end-of-treatment values were used. In the case where we were not able to convert
data into appropriate units (i.e., percent change from baseline values), individual patient data was
requested [23,24]. Paired analyses were conducted for all crossover trials [25]. If SDs were missing for
crossover trials and no other data were available for their derivation, and where we could not derive a
calculated pooled correlation coefficient for imputing missing SDs (<5 trials reporting sufficient data)
we assumed a correlation coefficient of 0.5, as it is a conservative estimate for an expected range of
0–1. A correlation coefficient of 0.5 was assumed in all three primary analyses due to insufficient
data. Once the values were derived from each trial they were pooled and analyzed for each primary
endpoint using the generic inverse variance method with random effects models. This approach
was used even in the absence of statistically significant between-study heterogeneity, as they yield
more conservative summary effect estimates in the presence of residual heterogeneity. Results were
expressed as MD with 95% CIs. A two-sided p-value < 0.05 was set as the level of significance.
Inter-study heterogeneity was tested using the Cochran Q-statistic and quantified using the
2
I -statistic with a significance level set at p < 0.10. An I2 < 50%, I2 ě 50% and I2 ě 75% were considered
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to be evidence of “moderate”, “substantial” and “considerable” heterogeneity, respectively [17].
Sources of heterogeneity were explored using sensitivity and subgroup analyses. To determine
whether a single trial exerted an undue influence on the overall results, sensitivity analyses were
performed in which each individual trial was removed from the meta-analysis and the effect size
recalculated with the remaining trials. Sensitivity analyses were also undertaken using correlation
coefficients of 0.25 and 0.75 to determine whether the overall results were robust to the use of an
assumed correlation coefficient of 0.5. A priori subgroup analyses (categorical and continuous) were
conducted for baseline values of HbA1c , fasting glucose, and fasting insulin within the intervention
arm, plant protein type, animal protein type, percent and grams of animal protein replaced with
plant protein (from total protein), absolute fibre and saturated fat intake within the intervention
arm, difference in fibre and saturated fat intake between the intervention and control arm, change
from baseline fibre and saturated fat intake within the intervention arm, health status (diabetes
type), design, follow-up duration, and study quality (MQS). Post-hoc continuous or categorical
subgroup analyses were conducted for isoflavone intake, body weight, sex, food form, risk of bias,
diabetes duration and diabetes complications. A post-hoc analysis consisting of a piecewise linear
meta-regression was performed using the mkspline function in order to identify a dose-threshold
(breakpoints) for the continuous subgroup looking at percent animal protein replaced with plant
protein (from total protein) on fasting glucose.
Publication bias was investigated by visual inspection of funnel plots, quantitative assessment
using Egger and Begg tests, and Duval and Tweedie nonparametric “trim-and-fill” analyses, where a
p-value < 0.05 was considered evidence of small study effects.
All meta-regressions (a priori and post-hoc) and publication bias analyses were conducted using
STATA software, version 13.0 (StataCorp, College Station, TX, USA) with a significance set at p < 0.05.
3. Results
3.1. Search Results
Figure 1 shows the literature search and selection process. We identified a total of 2555 reports,
2496 of which were determined to be irrelevant based on review of titles and abstracts. The remaining
59 reports were retrieved and reviewed in full, of which 46 were excluded. One of these reports
was excluded for an irreconcilable discrepancy in the reporting of the results in two places in the
same report [26]. A total of 13 reports containing data from 13 trials in 280 participants with T1D
(n = 21) [27,28] and T2D (n = 256) [13–16,23,24,29–33] met the eligibility criteria and were included
in the analyses. Nine of these trials reported data for HbA1c (n = 170) [15,16,23,24,27–30,32], 10 for
fasting glucose (n = 218) [13,14,16,24,27,28,30–33], and five for fasting insulin (n = 118) [14,16,24,30,32].
3.2. Trial Characteristics
Table 1 shows the characteristics of the 13 included trials [13–16,23,24,27–33]. Trials were
conducted in outpatient settings across six countries: Iran (5 trials [13,14,24,31,33]), United
States (4 trials [15,28–30]), and one trial each from Canada [32], Denmark [16], Germany [23]
and Greece [27].
All trials were randomized and majority (77%) used a crossover
design [14–16,24,27–29,31–33]. Participants tended to be middle aged (median age: 62 years (range:
30–66 years)), overweight or obese (median BMI: 29 kg/m2 (range: 23.8–35.1 kg/m2 )), with an
approximately equal distribution of men and women across trials (median % women: 46% (range:
0%–78% women)). Most trials were conducted in individuals with T2D with the exception of 2 trials
conducted in individuals with T1D [27,28]. Approximately half of the trials reported presence of
microvascular complications (e.g., nephropathy, retinopathy) among participants [13,15,16,24,29,31].
Median baseline HbA1c , fasting glucose, and fasting insulin were 7.2% (range: 5.9%–8.4%),
8.0 mmol/L (range: 6.7–10.4 mmol/L), and 70.2 pmol/L (56.3–134.2 pmol/L), respectively.
Mean diabetes duration varied from ~1 to 10 years [13,15,16,29–33] for those with T2D and
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15 years [28] or before the onset of 30 years of age [27] for those with T1D; otherwise diabetes duration
was unspecified [14,23,24]. The majority of trials did not explicitly provide information on how
Nutrients 2015, 7 7, page–page
diabetes was defined with the exception of four trials, in which T2D was defined as fasting plasma
glucose ě7 mmol/L [13,14,30] or the use of oral glucose-lowering agents or insulin [13,14,24,32].
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Figure 1. Flow diagram depicting the literature search and selection process.

Figure 1. Flow diagram depicting the literature search and selection process.
Laboratory measurements of glycemic endpoints across trials varied. HbA1c was measured

Laboratory
measurements of glycemic endpoints across trials varied. HbA1c was measured by
by high-performance liquid chromatography (HPLC) in three trials [16,27,32] and immunoassay in
high‐performance
liquid chromatography
in three
trialsFasting
[16,27,32]
andwas
immunoassay
three trials [15,24,30];
otherwise it was (HPLC)
unspecified
[23,28,29].
glucose
measured by in three
enzymaticotherwise
methods across
10 trials [13,14,16,24,27,28,30–33].
was measured
trials [15,24,30];
it wasallunspecified
[23,28,29]. Fasting Fasting
glucoseinsulin
was measured
by by
enzymatic
a
radioimmunoassay
in
one
trial
[30]
and
an
immunoassay
in
three
trials
[16,24,32];
otherwise
it
methods across all 10 trials [13,14,16,24,27,28,30–33]. Fasting insulin was measured
by a
was unspecified [14]. None of the trials reported using National Glycohemoglobin Standardization
radioimmunoassay in one trial [30] and an immunoassay in three trials [16,24,32]; otherwise it was
Program (NGSP) or International Federation of Clinical Chemistry (IFCC) certified methods.
unspecified The
[14].majority
Noneofoftrials
theconsisted
trials reported
using National Glycohemoglobin Standardization
of a partial replacement of animal with plant protein, with the
Programexception
(NGSP)ofortwo
International
of Clinical
Chemistry
(IFCC)
certified
trials, which Federation
did a full replacement
[15,27].
The types
of animal
proteinmethods.
replaced
Thewith
majority
of trials
consisted
partial
replacement
animalmixed
withsources
plant protein,
plant protein
varied
among of
thea trials:
seven
trials (54%)of
replaced
of animalwith the
exception of two trials, which did a full replacement [15,27]. The types of animal protein replaced
9808 trials (54%) replaced mixed sources of animal
with plant protein varied among the trials: seven
protein with mixed sources of plant protein [15,27], soy protein [13,28,29,31] or pulses (i.e., beans,
peas, chick peas, and lentils) [23]; four trials (31%) replaced sources of dairy protein with sources of

Nutrients 2015, 7, 9804–9824

protein with mixed sources of plant protein [15,27], soy protein [13,28,29,31] or pulses (i.e., beans,
peas, chick peas, and lentils) [23]; four trials (31%) replaced sources of dairy protein with sources
of soy protein [16,24,32] or almonds [30]; and two trials (15%) replaced sources of red meat with
pulses [14,33]. The animal and plant protein sources were consumed in the form of whole foods
in majority of the trials with the exception of three trials [16,23,32], where two of them consisted of
animal and plant sources exchanged in the form of isolated protein powders [16], and one of them
exchanged in both whole and isolated protein powder forms [23]. The median percentage of animal
protein replaced with plant protein from total protein was ~35% per day (range: 4%–70% per day).
The background diets for the intervention and control arms were similar, where mainly the
source of protein differed between the two arms. The background diets of the intervention arms
consisted of 40%–70% energy (E) from carbohydrate, 9%–30% E from protein, and 20%–40% E
from fat with a median fibre and saturated fat intake of 22 g/day (range: 13–41 g/day) and
7.6% E (range: 3%–10% E), respectively. The background diets of the control arms consisted of
40%–69% E from carbohydrate, 9%–30% E from protein, and 22%–37% E from fat with a median
fibre and saturated fat intake of 24 g/day (range: 7.7–42 g/day) and 8.4% E (range: 4%–12% E),
respectively. In terms of feeding control, one trial was metabolically controlled (i.e., all foods were
provided) [15], nine trials were partially metabolically controlled (i.e., test foods/supplements were
provided) [13,16,23,28–32], and two trials were not metabolically controlled (i.e., dietary advice was
provided) [14,33]; otherwise it was unspecified [27]. The median follow-up duration was eight-weeks
(range: four weeks–four years).
The majority of trials (85%) were considered to be of poor quality (MQS < 8). Absence of
double-blinding and a preselected or indeterminate sample selection contributed to lower scores
(Table S2). Majority of the trials (>75%) were judged as having a “low” or “unclear risk bias”
in majority of the domains measured by the Cochrane Risk of Bias Tool. Five trials (42%) were
considered “high risk of bias” due to incomplete outcome data [13–15,28,31] (Figure S1). In terms
of sources of funding, five trials (42%) were funded by agency alone [14,24,30,31,33]; four trials (33%)
were funded by both agency and industry [15,16,28,32] and for four trials funding information was
unspecified [13,23,27,29].
3.3. Hemoglobin A1c (HbA1c )
Figure 2 shows a forest plot of the pooled effect of replacing animal with plant protein on HbA1c
in individuals with T1D and T2D. Diets emphasizing this replacement significantly lowered HbA1c
in comparison to control diets (MD = ´0.15% (95% CI: ´0.26, ´0.05%); p = 0.005), with no significant
evidence of inter-study heterogeneity (I2 = 0%; p = 0.65). Systematic removal of individual trials did
not alter the results. Sensitivity analyses using different correlation coefficients in paired analyses of
crossover trials (0.25 and 0.75) did not alter the significance of the pooled effect size.
Table S3 and Figures S2 and S3 show the results of continuous and categorical subgroup analyses
for the effect of replacing sources of animal with plant protein on HbA1c . Meta-regression analyses
did not reveal any statistically significant subgroup effects.
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not alter the results. Sensitivity analyses using different correlation coefficients in paired analyses of
crossover trials (0.25 and 0.75) did not alter the significance of the pooled effect size.
Table S3 and Figure S2A,B show the results of continuous and categorical subgroup analyses for
the effect of replacing sources of animal with plant protein on HbA1c. Meta‐regression analyses did
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Subgroup and Study [Reference]

Year Participants, n Weight, %

Type 2 Diabetes
Anderson et al. [26]
Hermansen et al. [16]
Wheeler et al. [15]
Gobert et al. [29]
Cohen et al. [27]

1998
2001
2002
2010
2011

8
20
17
29
13

Miraghajani et al. [21]

2013

Markova et al. [20]

2015

Mean Difference [95% CI] in HbA1c, %

1.2
2.6
42.4
21.9
16.9

−0.70 [−1.68, 0.28]
−0.30 [−0.96, 0.36]
−0.10 [−0.26, 0.06]
−0.06 [−0.29, 0.17]
−0.30 [−0.56, −0.04]

25

2.0

−0.36 [−1.12, 0.39]

37

11.1

−0.11 [−0.43, 0.21]

Subtotal [95% CI]
98.1
Heterogeneity: Tau² = 0.00; Chi² = 3.97, df = 6 (p = 0.68); I² = 0%
Test for overall effect: Z = 2.63 (p = 0.009)

−0.15 [−0.26, −0.03]

Type 1 Diabetes
Kontessis et al. [24]
1995
9
0.8
Stephenson et al. [25]
2005
12
1.0
Subtotal [95% CI]
1.9
Heterogeneity: Tau² = 0.00; Chi² = 0.55, df = 1 (p = 0.46); I² = 0%
Test for overall effect: Z = 1.59 (p = 0.11)

−0.30 [−1.49, 0.89]
−0.90 [−1.95, 0.15]
−0.64 [−1.43, 0.15]

Total [95% CI]
170
100
−0.15 [−0.26, −0.05]
Heterogeneity: Tau² = 0.00; Chi² = 6.00, df = 8 (p = 0.65); I² = 0%
-2
-1
Test for overall effect: Z = 2.75 (p = 0.005)
Test for subgroup differences: Chi² = 1.48, df = 1 (p = 0.22), I² = 32.4%
Favours
Plant Protein

0

1

2

Favours
Animal Protein

Figure 2. Forest plot of randomized controlled trials investigating the effect of replacing sources of

Figure 2. Forest plot of randomized controlled trials investigating the effect of replacing sources of
animal with plant protein in individuals with diabetes on hemoglobin A1c (HbA1c ). Pooled effect
animal with
plant protein in individuals with diabetes on hemoglobin A1c (HbA1c). Pooled effect
estimates for each subgroup and overall effect are represented by the diamonds. Data are expressed
estimates
each mean
subgroup
and with
overall
are intervals
represented
the
Data are expressed
as for
weighted
differences
95% effect
confidence
(CIs), by
using
thediamonds.
generic inverse-variance
method
withdifferences
random effects
models.
analysesintervals
were applied
to all
crossover
trials. Inter-study
as weighted
mean
with
95%Paired
confidence
(CIs),
using
the generic
inverse‐variance
2 at a significance level of
heterogeneity
was
tested
by
the
Cochran
Q-statistic
and
quantified
by
I
method with random effects models. Paired analyses were applied to all crossover trials. Inter‐study
p < 0.10; df, degrees of freedom.
heterogeneity was tested by the Cochran Q‐statistic and quantified by I2 at a significance level of p <
0.10; df, degrees of freedom.
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Table 1. Characteristics of included randomized controlled trials.
Study, Year
(References)

Participants

Age *, Year

Body Weight or
BMI *,†

Diabetes
Duration *,
Year

Setting ‡

Design

Control §

8 T2D+N, O,
HT (M only)

68 (18.4)

111 (66.8) kg

>5

OP, USA

C

Supp

Feeding

PP Type ||

AP Type ||

Amount of AP
Replaced ¶

Food Form
†††

50% (~55.5 g/day)

Whole

Diet #

Energy
Balance

Follow-up

MQS **

Funding
Sources ††

Neutral

8 wk

8

NA

Neutral

6 wk

5

Agency-industry

Neutral

6 wk

6

Agency-industry

Neutral

4y

4

NA

Neutral

7 wk

4

Agency

Neutral

8 wk

7

Agency-industry

Neutral

12 wk

7

Agency

TYPE 2 DIABETES
Anderson et al.
1998 [29] ‡‡
Intervention
Control

Soy

Hermansen et al.
2001 [16] §§
Intervention
Control

20 T2D+R
(6W, 14M)

Wheeler et al. 2002
[15] ||||

17 T2D+N
(3W, 14M)

63.6 (7.5)

3 (2.7)

OP, DNK

C

Supp

88.7 (11.9) kg
88.3 (11.8) kg
56 (12.4)

102.3 (21.4) kg

Powder
25:41:29
26:43:28

Casein
7 (1–16)

OP, USA

C

Met

60% (64 g/day)

Whole

Mixed

17:53:30
17:53:30

Mixed
41 T2D+N,R
(23W, 18M)

Intervention
Control

10 (3)
61.9 (11.8)
62.1 (12.1)

Azadbakht et al.
2009 [31] ##
Intervention
Control

14 T2D+N
(4W, 10M)

Gobert et al. 2010
[32] ***
Intervention
Control

29 T2D
(13W, 16M)

Cohen et al. 2011
[30] ‡‡‡

13 T2D (6W,
7M)

Intervention
Control

~33% (50 g/day)
Soy

Intervention
Control
Azadbakht et al.
2008 [13] ¶¶

~15:55:30
~15:55:30

Mixed

OP, IRN

P

Supp

71 (9) kg
72 (8) kg

62.5 (12.1)

10 (4)

83.4 (10.9) kg

Whole
~10:70:20
~10:68:22

Mixed
OP, IRN

C

Supp

70.6 (10.3) kg
70.7 (10.7) kg
60.1 (9.64)

35% (~20 g/day)
Soy

35% (~20 g/day)

Whole

Soy

~9:70:21
~9:69:22

Mixed
3.4 (4.8)

OP, CAN

C

Supp

~34% (40 g/day)

Powder

Soy

~23:45:32
~23:44:33

Milk
At least 1
year
66 (8.1)
66 (8.7)

96.1 (21.8) kg
105.1 (29.6) kg

OP, USA

P

Supp

NA (~6 g/day)
Almonds
Cheese
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Table 1. Cont.
Study, Year
(References)

Participants

Age *, Year

Miraghajani et al.
2013 [24] §§§

25 T2D+N
(15W, 10M)

51 (10)

Intervention
Control
Abd-Mishani et al.
2014 [33] |||||||

Body Weight or
BMI *,†

Diabetes
Duration *,
Year

Setting ‡

Design

Control §

NA

OP, IRN

C

DA

Feeding

76.1 (13.2) kg
76.5 (13.6) kg
21 T2D
(18W, 6M)

61.7 (6)

74.5 (7.1) kg

Amount of AP
Replaced ¶

Food Form
†††

~4% (2.5 g/day)

Whole

Milk
3.4 (1.2)

OP, IRN

C

~18% (~13.3
g/day)

DA

Whole

58.1 (33.4)

NA

OP, IRN

C

37 T2D
(13W, 24M)
86 (13.9) kg
92.6 (11.9) kg

32 (20–48)
****

23.8 (20.6–27.8)
kg/m2 ****

Whole

Pulses

OP, DEU

P

Supp

Follow-up

MQS **

Funding
Sources ††

Neutral

4 wk

6

Agency

Neutral

8 wk

4

Agency

Neutral

8 wk

6

Agency

Neutral

6 wk

NA

NA

Neutral

4 wk

7

NA

Neutral

8 wk

5

Agency-industry

14:54:33
15:52:34

Red meat
NA

63.7 (6.54)
65 (5.9)

~17% (~13.3
g/day)

DA

27.7 (3.34) kg/m2
27.8 (3.34) kg/m2

Energy
Balance

15:55:30
15:55:30

Red meat
31 T2D+O
(24W, 7M)

Diet #

14:46:40
13:50:37

Pulses

Intervention
Control
Markova et al.
2015 [23] ¶¶¶
Intervention
Control

AP Type ||

Soy

Intervention
Control
Hosseinpour-Niazi
et al. 2014 [14]
|||||||

PP Type ||

~32.5% (NA)

Both

Pulses

30:40:30
30:40:30

Mixed

TYPE 1 DIABETES
Kontessis et al.
1995 [27] ###

9 T1D (7W,
2M)

Onset before
the age of 30

OP, GRC

C

NA

Intervention
Control
Stephenson et al,
2005 [28]
Intervention
Control

70% (~49 g/day)

Whole

Mixed

~17:49:34
~19:41:37

Mixed
12
T1D+GHF
(6W, 6M)

29.9 (8)

79.0 (5.9) kg

15.1 (8)

OP, USA

C

~46%–56% (45–55
g/day)

Supp
Soy ††††
Mixed

Whole
22:53:27
16:49:36

AP = animal protein; BW = body weight; C = crossover; CAN = Canada; DA = dietary advice; DEU = Germany; DNK = Denmark; GHF = glomerular hyperfiltration; GRC = Greece;
HT = hypertension; IRN = Iran; M = men; Met = metabolic feeding control; MQS = Heyland Methodological Quality Score; N = nephropathy; NA = data not available; O = overweight
and/or obese; P = parallel; PP = plant protein; R = retinopathy; Supp = supplemental feeding control; T1D = type 1 diabetes; T2D = type 2 diabetes; USA = United States of America;
W = women; wk = weeks; y = years; * Age, body weight or BMI, and diabetes duration are reported as mean ˘ SD or range; † Baseline body weight (kg) values. Baseline BMI
values (kg/m2 ) are only reported when no data on body weight were available; ‡ Countries are abbreviated using three letter country codes (ISO 3166-1 alpha-3 codes); § Metabolic
feeding control (Met) is the provision of all meals, snacks, and study supplements consumed during the study under controlled conditions. Supplement feeding control (Supp) is
the provision of study supplements only. Dietary advice (DA) is the provision of counselling on the appropriate test and control diets; || Plant and animal protein types refer to
the specific sources of plant proteins prescribed by the study to replace a specific source(s) of animal protein. If the prescribed plant or animal protein type was not specified by the
study it was assumed that the protein type consisted of mixed sources. For example, Kontessis et al. [27] referred to their intervention arm as a “vegetable protein diet” and their
control arm as an “animal protein diet”; therefore it was assumed that the intervention and control arm consisted of mixed sources of plant and animal protein, respectively; ¶ Data
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in this column represents the amount of plant protein that was prescribed by the study to replace animal protein. Numbers not in parentheses represent the percentage of total
protein replacing animal protein with plant protein. Numbers in parentheses represent the amount of plant protein prescribed/amount of animal protein replaced in grams per
day. Numbers preceded by “~” were calculated using relevant data provided by the study. All studies partially replaced animal protein with plant protein with the exception of
Wheeler et al. [15] and Kontessis et al. [27], which fully replaced animal protein with plant protein sources; # Data in this column indicates the designed percent energy breakdown
from protein:carbohydrate:fat reported from each study. If these values were not available or provided, the measured percent energy breakdown from the end of the study were
provided. Numbers preceded by “~” were calculated using relevant data provided by the study; ** Trials with a MQS score ě 8 were considered to be of higher quality; †† Agency
funding consists of funding from government, university, or not-for-profit health agency sources. None of the trialists declared any conflicts of interest with the exception of
Stephenson et al. [28] and Hermansen et al. [16]; ‡‡ Both intervention and control arm were designed to contain 1 gram of protein per kilogram body weight per day. Fifty percent
of the protein in the soy protein intervention arm was in the form of beverages, meat analogue patties, or ground meat analogues, whereas 50% of the protein in the animal protein
control arm was in the form of ground beef with a specified fat content and cow milk; §§ Both intervention and control arm were provided with their respective powders and
instructed to mix half of their daily allotted amount in 250ml of water before breakfast and half before their evening meal. The powder provided in the intervention arm also
contained 20 g/day of soy cotyledon fibre and a high isoflavone content (minimum 165 mg/day), whereas the powder provided in the control arm contained 20 g/day of cellulose;
|||| The intervention arm consisted exclusively of plant protein (62% soy-based), where major protein foods included tofu, textured vegetable protein, soy milk, and legumes.
The control arm consisted of 60% animal protein and 40% plant protein, where major protein foods included beef, poultry, fish and milk; ¶¶ 73% of participants in this study
had retinopathy. Both intervention and control arm were designed to contain 0.8 grams of protein per kilogram body weight per day. The intervention arm consisted of 35% soy
protein (in the form of textured soy protein), 30% other plant protein and 35% animal protein, whereas the control arm consisted of 70% animal protein and 30% plant protein;
## The intervention arm consisted of 35% soy protein (in the form of textured soy protein), 30% other plant protein and 35% animal protein and the control arm consisted of 70%
animal protein and 30% plant protein; *** Women in this study were postmenopausal. The powder provided in the intervention arm also consisted of 88 mg/day isoflavones (65%
genistein, 31% daidzein, 4% glycitein). Participants supplemented their habitual diets with the powders and were provided with multiple examples of ways to consume them but
were encouraged to reconstitute them with water with the option of adding Nestle flavour packets. In order to avoid excess protein and calcium intakes, participants were counselled
to replace foods like milk, cheese, and lunchmeat with the powders; ††† Food form refers to whether the test foods in each study were in the form of whole foods (whole), isolated
protein powders (powder), or both; ‡‡‡ Participants were instructed to consume their food prescription (1 oz almonds or 2 cheese sticks) 5 days per week; §§§ Both intervention and
control arm were designed to contain 0.8 grams of protein per kilogram body weight per day. The intervention and control arm consisted of 1 glass of soy and cow’s milk (240 mL
each) per day, respectively; ||||||| Both intervention and control arm were prescribed a Therapeutic Lifestyle Change (TLC) diet. The intervention arm was the same as the control
arm but participants were advised to replace 2 servings of red meat with different types of cooked legumes such as lentils, chickpeas, peas and beans 3 days per week. Half a cup
of cooked legumes was considered to be one serving of red meat; ¶¶¶ The intervention arm received foods enriched with pea protein (i.e., mash powder, bread, pancake powder,
noodles). The control arm contained dairy products and meat in larger quantities to achieve 30% of energy from protein; ### Both intervention and control arm were designed to
contain 1 gram of protein per kilogram body weight per day. Intervention arm consisted of plant protein exclusively and the control arm consisted of ~70% animal protein and
30% plant protein. The intervention arm was also provided animal fat supplements, as well as calcium and phosphate tablets; **** Reported as a median value; †††† Nine daily
soy food intake options were provided: soy patties; soy pasta; soy chocolate beverage; chocolate, vanilla, or plain silk soy milk; lemon or chocolate soy bars; roasted soy nuts, or
frozen edamame.
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Figure 3 shows a forest plot of the pooled effect of replacing animal with plant protein on fasting
glucose
in individuals
3.4. Fasting
Glucose with T1D and T2D. Diets emphasizing this replacement significantly lowered
fasting glucose in comparison to control diets (MD = ´0.53 mmol/L (95% CI: ´0.92, ´0.13 mmol/L);
Figure 3 shows a forest plot of the pooled effect of replacing animal with plant protein on fasting
p = 0.009) with considerable amount of inter-study heterogeneity (I2 = 82%; p < 0.00001). Systematic
glucose in individuals with T1D and T2D. Diets emphasizing this replacement significantly lowered
removal of individual trials did not alter the results. Sensitivity analyses using different correlation
fasting glucose in comparison to control diets (MD = −0.53 mmol/L (95% CI: −0.92, −0.13 mmol/L); p =
coefficients
in paired
analyses
of crossover
trials (0.25
and 0.75)(I2did
not alter
the significance
of the
0.009) with
considerable
amount
of inter‐study
heterogeneity
= 82%;
p < 0.00001).
Systematic
pooled
effect
size.
removal of individual trials did not alter the results. Sensitivity analyses using different correlation
Table S4, in
Table
S6analyses
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S4 and
S5(0.25
show
results
continuous
and categorical
coefficients
paired
of crossover
trials
andthe
0.75)
did notofalter
the significance
of the
subgroup
pooledanalyses
effect size.for the effect of replacing animal with plant protein on fasting glucose. Three
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S4, Tablewere
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the results
of continuous
and (Figure
categorical
significant
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in the
categorical
subgroup
analyses
S4).subgroup
Evidence of
analyses
for
the
effect
of
replacing
animal
with
plant
protein
on
fasting
glucose.
Three
significant
effect modification was seen for animal protein type, where the fasting glucose reduction achieved
subgroupsmixed
were identified
in the categorical
subgroup
S3A). Evidence
of effect
by replacing
animal protein
sources with
plant analyses
protein (Figure
was significantly
greater
than the
modification
was
seen
for
animal
protein
type,
where
the
fasting
glucose
reduction
achieved
by
fasting glucose reduction achieved by replacing dairy or red meat protein sources with plant protein
replacing mixed animal protein sources with plant protein was significantly greater than the fasting
(p = 0.003). The second significant subgroup showed an effect modification by percent animal
glucose reduction achieved by replacing dairy or red meat protein sources with plant protein (p =
protein replaced with plant protein (from total protein), where the fasting glucose reduction in trials
0.003). The second significant subgroup showed an effect modification by percent animal protein
that replaced
replacedwith
ě35%
of protein
animal (from
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with
plant where
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greater in
than
thethat
fasting
plant
total
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duration,
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fasting
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meta-regression did not indicate a dose-threshold (Table S6).
meta‐regression did not indicate a dose‐threshold (Table S6).
Subgroup and Study [Reference] Year

Participants, n

Weight, %

Mean Difference [95% CI] in Fasting Glucose, mmol/L

Type 2 Diabetes
Hermansen et al. [16]
2001
20
6.4
Azadbakht et al. [13]
2008
41
7.0
Azadbakht et al. [28]
2009
14
3.5
Gobert et al. [29]
2010
29
14.9
Cohen et al. [27]
2011
13
9.3
Miraghajani et al. [21]
2013
25
8.1
Abd-Mishani et al. [30]
2014
24
13.6
Hosseinpour-Niazi et al. [14]
2014
31
17.1
Subtotal [95% CI]
79.9
Heterogeneity: Tau² = 0.04; Chi² = 9.67, df = 7 (p = 0.21); I² = 28%
Test for overall effect: Z = 2.38 (p = 0.02)
Type 1 Diabetes
Kontessis et al. [24]
1995
9
18.6
Stephenson et al. [25]
2005
12
1.5
Subtotal [95% CI]
20.1
Heterogeneity: Tau² = 2.00; Chi² = 2.59, df = 1 (p = 0.11); I² = 61%
Test for overall effect: Z = 1.51 (p = 0.13)
Total [95% CI]
218
100
Heterogeneity: Tau² = 0.21; Chi² = 50.62, df = 9 (p < 0.00001); I² = 82%
Test for overall effect: Z = 2.63 (p = 0.009)
Test for subgroup differences: Chi² = 1.47, df = 1 (p = 0.23), I² = 32.1%

−0.40 [−1.65, 0.85]
−1.44 [−2.61, −0.28]
0.45 [−1.45, 2.35]
0.12 [−0.33, 0.57]
−0.50 [−1.41, 0.41]
−0.18 [−1.22, 0.85]
−0.33 [−0.89, 0.22]
−0.51 [−0.79, −0.24]
−0.34 [−0.63, −0.06]

−1.00 [−1.01, −0.99]
−3.55 [−6.66, −0.44]
−1.78 [−4.09, 0.53]

−0.53 [−0.92, −0.13]
-4-4

-2
-2

Favours
Plant Protein

00

22

44

Favours
Animal Protein
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effect
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sources
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Figure
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plot
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investigating
effect
of replacing
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with
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in
individuals
with
diabetes
on
fasting
glucose.
Pooled
effect
estimates
for
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arerepresented
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thediamonds.
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Data
expressed
as weighted
(CIs),
using
the
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inverse‐variance
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with with
mean
differences
with
95%
confidence
intervals
mean differences with 95% confidence intervals (CIs), using the generic inverse-variance method
random effects models. Paired analyses were applied to all crossover trials. Inter‐study heterogeneity
random effects models. Paired analyses were applied to all crossover trials. Inter-study heterogeneity
was tested by the Cochran Q‐statistic and quantified by I2 at a significance level of p < 0.10; df, degrees
was tested by the Cochran Q-statistic and quantified by I2 at a significance level of p < 0.10; df, degrees
of freedom.
of freedom.
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3.5.
Fasting Insulin
3.5. Fasting
Insulin
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in comparison
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(I
2
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´6.89
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´19.20,
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2
Gobert et al. [32] (MD = −6.89 pmol/L (95% CI: −19.20, 5.42 pmol/L), p = 0.27; I = 24%, p = 0.27); Cohen
2 = 24%, p = 0.27); Cohen et al. [30] (MD = ´8.68 pmol/L (95% CI: ´17.90, 0.53 pmol/L),
pet=al.
0.27;
[30]I (MD
= −8.68 pmol/L (95% CI: −17.90, 0.53 pmol/L), p = 0.06; I2 = 22%, p = 0.28) and
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not
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effects.
Subgroup and Study [Reference] Year Participants, n Weight, %
Type 2 Diabetes
Hermansen et al. [16]
Gobert et al. [29]
Cohen et al. [27]
Miraghajani et al. [21]
Hosseinpour-Niazi et al. [14]
Total [95% CI]

2001
2010
2011
2013
2014

Mean Difference [95% CI] in Fasting Insulin, pmol/L

20
29
13
25
31

14.6
19.7
0.4
3.3
62

6.00 [−12.91, 24.91]
−11.72 [−28.00, 4.56]
−29.17 [−138.07, 79.73]
2.50 [−37.46, 42.46]
−13.89 [−23.07, −4.71]

118

100

−10.09 [−17.31, −2.86]

Heterogeneity: Tau² = 0.00; Chi² = 3.98, df = 4 (p = 0.41); I² = 0%
Test for overall effect: Z = 2.74 (p = 0.006)
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Figure 4. Forest plot of randomized controlled trials investigating the effect of replacing sources of
Figure 4. Forest plot of randomized controlled trials investigating the effect of replacing sources of
animal with plant protein in individuals with diabetes on fasting insulin. Pooled effect estimates for
animal with plant protein in individuals with diabetes on fasting insulin. Pooled effect estimates for
each subgroup and overall effect are represented by the diamonds. Data are expressed as weighted
each subgroup and overall effect are represented by the diamonds. Data are expressed as weighted
mean differences with 95% confidence intervals (CIs), using the generic inverse-variance method with
mean differences with 95% confidence intervals (CIs), using the generic inverse‐variance method with
random effects models. Paired analyses were applied to all crossover trials. Inter-study heterogeneity
random effects models. Paired analyses were applied to 2all crossover trials. Inter‐study heterogeneity
was tested by the Cochran Q-statistic and quantified by I 2 at a significance level of p < 0.10; df, degrees
was tested by the Cochran Q‐statistic and quantified by I at a significance level of p < 0.10; df, degrees
of freedom.
of freedom.
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the
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identified, and 1 additional study was “filled” in to mitigate publication bias. With the inclusionthe
of
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in individuals with T2D [36]. Lastly, there have been a series of meta-analyses conducted looking at
the effect of incorporating dietary pulses into the diet alone or in the context of a low-GI or high-fibre
diet in individuals with and without diabetes [38]. Pulses alone were found to significantly lower
fasting glucose and fasting insulin. In the context of a low-GI and high-fibre diet, pulses were found
to significantly lower glycosylated blood proteins (measured as HbA1c or fructosamine), and fasting
glucose in the context of a high-fibre diet [38]. Overall, the results of these meta-analyses appear to
be consistent with our findings.
4.2. Possible Mechanisms of Action
Several potential mechanisms may explain the beneficial effects of replacing animal with plant
protein on glycemic control. The reduction in body iron stores may be one such mechanism. As a
pro-oxidant, iron catalyzes several cellular reactions that result in the production of reactive oxygen
species, which increases oxidative stress and tissue damage, including damage to the pancreatic
β-cells [39,40]. Prospective cohort studies have shown that increased heme iron intake, found only
in animal protein sources [41], is significantly associated with an increased risk of T2D [42,43],
whereas non-heme iron intake, which is found in both plant and animal source foods [41], has
been shown to be either inversely associated with [43] or not associated with [42] T2D incidence.
This may be attributed to differences in bioavailability between non-heme and heme iron, as heme
iron is associated with higher body iron stores [44,45]. Observational studies have shown that
serum ferritin, the storage form of iron, predicted the development of hyperglycaemia [46,47] and
T2D [46,48] and was found to be positively associated with insulin resistance [46,49,50]. In addition,
randomized trials have shown that the use of phlebotomy to reduce serum ferritin levels was
associated with improved glucose tolerance in individuals with metabolic syndrome [51] and
T2D [52]. Another mechanism may relate to differences in amino acid profiles of animal and plant
protein. Compared to animal proteins, plant proteins appear to be higher in L-arginine. Randomized
trials have shown that long-term oral administration of L-arginine improves insulin sensitivity in
individuals with T2D [53,54] and in vitro studies suggest that L-arginine promotes insulin secretion
from pancreatic β-cells by stimulating electrical activity [55–59]. Although our findings show
improvements for fasting insulin, specific measures of insulin sensitivity were not explored in the
present meta-analysis, where only one of the included trials looked at insulin resistance and showed
non-significant reductions in HOMA-IR [32]. Neither endpoint, however, is considered to be a good
marker of peripheral insulin sensitivity [60] and thus further studies are warranted. Other potential
mechanisms may involve a reduction in the glycemic index [61,62], as well as the level of sodium and
nitrites found in processed meats [63,64].
4.3. A-Priori and Post-Hoc Subgroup Analyses
Evidence of considerable heterogeneity was found in the primary pooled analysis for fasting
glucose. Categorical subgroup analyses showed evidence of effect modification by animal protein
type (p = 0.003), percent animal protein replaced with plant protein (from total protein) (p = 0.025),
and diabetes duration (p = 0.006). Based on the residual I2 for these three subgroups (98.26%,
35.82%, and 28.04%, respectively), it appears that a large portion of the heterogeneity is explained
by the latter two subgroups, which show that trials replacing ě35% of animal with plant protein
and with participants ě5 years diabetes duration had greater reductions in the mean difference
for fasting glucose in comparison to those replacing <35% and with <5 years diabetes duration.
Significant effect modification by these two subgroups was not seen in our continuous subgroup
analyses, supporting a non-linear relationship. In addition, post-hoc analyses on the subgroup
looking at percent animal protein replaced with plant protein (from total protein) did not identify a
dose-threshold. With regards to the primary pooled analysis for fasting insulin, sensitivity analyses
suggest that the primary pooled effect size is not robust when subject to removing individual trials
from the pooled analysis or when using a different correlation coefficient.

9817

Nutrients 2015, 7, 9804–9824

4.4. Limitations
Several limitations exist in the present meta-analysis. First, the majority of trials had small
sample sizes. Second, it is uncertain whether the follow-up duration of included trials was sufficient
to observe meaningful changes in glycemic control: while HbA1c levels reflect blood glucose control
in the preceding three months („90 days or 12 weeks) [65], the majority of trials (85%) were shorter
than 12-weeks in duration. There was, however, no effect modification by follow-up duration in
the subgroup analyses. Third, most trials (85%) were of poor study quality (MQS < 8). There was,
however, no effect modification by study quality in subgroup analyses. Fourth, most subgroup
analyses were underpowered due to the limited number of available studies. As a result, we cannot
rule out important subgroup effects. Fifth, only a small number of trials (15%) focused on glycemic
control endpoints as a primary outcome. Sixth, sensitivity analyses showed that the pooled effect
estimate for fasting insulin was not robust to the removal of individual trials. Seventh, there was
a limited amount of data for individuals with T1D, where only two of the available trials included
participants with T1D.
4.5. Implications
The reductions seen in HbA1c meets half the threshold proposed by the U.S. Food and Drug
Administration for the development of new drugs for diabetes (ě0.3%) [66] and therefore may or may
not be clinically significant. It is important to note, however, that the glycemic benefits seen in our
meta-analysis are in addition to the use of oral glucose-lowering agents by majority of individuals.
Therefore, replacing animal protein with major sources of plant protein may be one strategy that can
be combined with standard therapy to help improve and manage glycemic control in individuals
with diabetes. Furthermore, the majority of RCTs in our meta-analysis used soy and soy-derived
products to replace sources of animal protein, a food that is consumed by only 3.3% of Canadians
on any given day, with daily intakes ranging from 1.5 g/day among low consumers to 16.5 g/day
among high consumers (<1 serving) [67]. In general, this is consistent with the overall consumption
of major plant protein sources in the North American population, which is very low relative to other
sources of plant protein, such as grains [68–71]. Therefore, there is ample room in the diet to increase
the intake of other sources of plant protein, such as those from dietary pulses (beans, peas, chickpeas,
and lentils).
5. Conclusions
In conclusion, the present systematic review and meta-analysis of RCTs found significant modest
improvements in HbA1c , fasting glucose and fasting insulin in individuals with diabetes when using
major sources of plant protein to replace sources of animal protein at a level ě35% of total protein
per day over a median duration of approximately eight weeks. In order to address the sources of
uncertainty and the limitations in our analyses, there is a need for larger, longer, and higher quality
RCTs that assess the effect of other sources of plant protein, in addition to soy, in replacement for
animal protein at a level ě35% of total protein on glycemic endpoints as the primary outcome.
The inclusion of such RCTs in future meta-analyses will help guide the design of future RCTs in
this area, as well as the development of nutrition recommendations and health claims.
Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/2072-6643/
7/12/5509/s1.
Acknowledgments: We wish to thank Teruko Kishibe of Li Ka Shing’s International Healthcare Education Centre
at St. Michael Hospital for her help in the development of the search strategy. This work was supported
by the Canadian Institutes of Health Research (funding reference number: 129,920) through the Canada-wide
Human Nutrition Trialists’ Network (NTN). Effie Viguiliouk was funded by a Canadian Institutes of Health
Research (CIHR)-Fredrick Banting and Charles Best Canada Graduate Scholarship and the Banting and Best
Diabetes Centre (BBDC)-Yow Kam-Yuen Graduate Scholarship in Diabetes Research. Anthony J. Hanley, Richard
P. Bazinet and David J.A. Jenkins were funded by the Government of Canada through the Canada Research
Chair Endowment. John L Sievenpiper was funded by the PSI Foundation Graham Farquharson Knowledge

9818

Nutrients 2015, 7, 9804–9824

Translation Fellowship and Canadian Diabetes Association (CDA) Clinician Scientist Award. The Diet, Digestive
tract, and Disease (3-D) Centre, funded through the Canada Foundation for Innovation (CFI) and the Ministry
of Research and Innovation’s Ontario Research Fund (ORF) provided the infrastructure for the conduct of this
project. None of the sponsors had a role in any aspect of the present study, including design and conduct of the
study; collection, management, analysis, and interpretation of the data; and preparation, review, and approval
of the manuscript or decision to publish.
Author Contributions: Cyril W.C. Kendall, David J.A. Jenkins and John L. Sievenpiper conceived and designed
the systematic review and meta-analysis. Effie Viguiliouk, Sarah E. Stewart, Viranda H. Jayalath, Alena Praneet
Ng, Arash Mirrahimi, Russell J. de Souza and John L. Sievenpiper analyzed the data. Effie Viguiliouk and John
L. Sievenpiper wrote the paper. Effie Viguiliouk, Sarah E. Stewart, Viranda H. Jayalath, Alena Praneet Ng, Arash
Mirrahimi, Russell J. de Souza, Anthony J. Hanley, Richard P. Bazinet, Lawrence A. Leiter and Robert G. Josse
interpreted the data. Effie Viguiliouk, Sarah E. Stewart, Viranda H. Jayalath, Arash Mirrahimi, Russell J. de
Souza, Anthony J. Hanley, Richard P. Bazinet, Sonia Blanco Mejia, Lawrence A. Leiter, Robert G. Josse, Cyril
W.C. Kendall, David J.A. Jenkins and John L. Sievenpiper provided critical revisions of the article for important
intellectual content. Effie Viguiliouk, Sarah E. Stewart, Viranda H. Jayalath, Arash Mirrahimi, Russell J. de
Souza, Anthony J. Hanley, Richard P. Bazinet, Sonia Blanco Mejia, Lawrence A. Leiter, Robert G. Josse, Cyril W.C.
Kendall, David J.A. Jenkins and John L. Sievenpiper provided final approval of the article. Cyril W.C. Kendall,
David J.A. Jenkins and John L. Sievenpiper obtained funding. Sonia Blanco Mejia, Viranda H. Jayalath and Arash
Mirrahimi provided administrative, technical, or logistic support. Effie Viguiliouk, Sarah E. Stewart, Viranda H.
Jayalath, Alena Praneet Ng and Arash Mirrahimi collected and assembled the data. Cyril W.C. Kendall, David
J.A. Jenkins and John L. Sievenpiper are the guarantors.
Conflicts of Interest: Russell J. de Souza was previously funded by a CIHR Postdoctoral Fellowship Award
and has received research support from the CIHR, the Calorie Control Council, the Canadian Foundation for
Dietetic Research and the Coca-Cola Company (investigator initiated, unrestricted grant) and travel support
from the World Health Organization (WHO) to attend group meetings. He has served as an external resource
person to WHO’s Nutrition Guidelines Advisory Group and is the lead author of 2 systematic reviews and
meta-analyses commissioned by WHO of the relation of saturated fatty acids and trans fatty acids with health
outcomes. Anthony J. Hanley holds a Tier II Canada Research Chair in Diabetes Epidemiology. Richard P.
Bazinet has received research funding from Bunge Ltd., travel support from Unilever and consultant fees from
Kraft Foods and Mead Johnson. Cyril W.C. Kendall has received research support from the Advanced Foods and
Material Network, Agrifoods and Agriculture Canada, the Almond Board of California, the American Pistachio
Growers, Barilla, the California Strawberry Commission, the Calorie Control Council, CIHR, the Canola Council
of Canada, the Coca-Cola Company (investigator initiated, unrestricted grant), Hain Celestial, the International
Tree Nut Council Nutrition Research and Education Foundation, Kellogg, Kraft, Loblaw Companies Ltd., Orafti,
Pulse Canada, Saskatchewan Pulse Growers, Solae and Unilever. He has received travel funding, consultant fees
and/or honoraria from Abbott Laboratories, the Almond Board of California, the American Peanut Council, the
American Pistachio Growers, Barilla, Bayer, the Canola Council of Canada, the Coca-Cola Company, Danone,
General Mills, the International Tree Nut Council Nutrition Research and Education Foundation, Kellogg,
Loblaw Companies Ltd., the Nutrition Foundation of Italy, Oldways Preservation Trust, Orafti, Paramount
Farms, the Peanut Institute, PepsiCo, Pulse Canada, Sabra Dipping Co., Saskatchewan Pulse Growers, Solae,
Sun-Maid, Tate and Lyle, and Unilever. He is on the Dietary Guidelines Committee for the Diabetes Nutrition
Study Group of the European Association for the Study of Diabetes and has served on the scientific advisory
board for the Almond Board of California, the International Tree Nut Council, Oldways Preservation Trust,
Paramount Farms and Pulse Canada. David J.A. Jenkins has received research grants from Saskatchewan Pulse
Growers, the Agricultural Bioproducts Innovation Program through the Pulse Research Network, the Advanced
Foods and Material Network, Loblaw Companies Ltd., Unilever, Barilla, the Almond Board of California, the
Coca-Cola Company (investigator initiated, unrestricted grant), Solae, Haine Celestial, the Sanitarium Company,
Orafti, the International Tree Nut Council Nutrition Research and Education Foundation, the Peanut Institute,
the Canola and Flax Councils of Canada, the Calorie Control Council, the CIHR, the Canada Foundation for
Innovation and the Ontario Research Fund. He has received an honorarium from the United States Department
of Agriculture to present the 2013 W.O. Atwater Memorial Lecture. He received the 2013 Award for Excellence
in Research from the International Nut and Dried Fruit Council. He received funding and travel support
from the Canadian Society of Endocrinology and Metabolism to produce mini cases for the Canadian Diabetes
Association. He has been on the speaker’s panel, served on the scientific advisory board, and/or received
travel support and/or honoraria from the Almond Board of California, Canadian Agriculture Policy Institute,
Loblaw Companies Ltd, the Griffin Hospital (for the development of the NuVal scoring system), the Coca- Cola
Company, Saskatchewan Pulse Growers, Sanitarium Company, Orafti, the Almond Board of California, the
American Peanut Council, the International Tree Nut Council Nutrition Research and Education Foundation,
the Peanut Institute, Herbalife International, Pacific Health Laboratories, Nutritional Fundamental for Health,
Barilla, Metagenics, Bayer Consumer Care, Unilever Canada and Netherlands, Solae, Kellogg, Quaker Oats,
Procter and Gamble, the Coca-Cola Company, the Griffin Hospital, Abbott Laboratories, the Canola Council of
Canada, Dean Foods, the California Strawberry Commission, Haine Celestial, PepsiCo, the Alpro Foundation,
Pioneer Hi- Bred International, DuPont Nutrition and Health, Spherix Consulting and WhiteWave Foods, the
Advanced Foods and Material Network, the Canola and Flax Councils of Canada, the Nutritional Fundamentals
for Health, AgriCulture and Agri-Food Canada, the Canadian Agri-Food Policy Institute, Pulse Canada, the
Saskatchewan Pulse Growers, the Soy Foods Association of North America, the Nutrition Foundation of

9819

Nutrients 2015, 7, 9804–9824

Italy (NFI), Nutra-Source Diagnostics, the McDougall Program, the Toronto Knowledge Translation Group
(St. Michael’s Hospital), the Canadian College of Naturopathic Medicine, The Hospital for Sick Children,
the Canadian Nutrition Society (CNS), the American Society of Nutrition (ASN), Arizona State University,
Paolo Sorbini Foundation and the Institute of Nutrition, Metabolism and Diabetes. John L. Sievenpiper
has received research support from the Canadian Institutes of health Research (CIHR), Canadian Diabetes
Association, PSI Foundation, Calorie Control Council, American Society of Nutrition (ASN), The Coca-Cola
Company (investigator initiated, unrestricted), Dr. Pepper Snapple Group (investigator initiated, unrestricted),
Pulse Canada, and The International Tree Nut Council Nutrition Research & Education Foundation. He
has received travel funding, speaker fees, and/or honoraria from the American Heart Association (AHA),
American College of Physicians (ACP), American Society for Nutrition (ASN), National Institute of Diabetes
and Digestive and Kidney Diseases (NIDDK) of the National Institutes of Health (NIH), Canadian Diabetes
Association (CDA), Canadian Nutrition Society (CNS), University of South Carolina, University of Alabama
at Birmingham, Oldways Preservation Trust, Nutrition Foundation of Italy (NFI), Calorie Control Council,
Diabetes and Nutrition Study Group (DNSG) of the European Association for the Study of Diabetes (EASD),
International Life Sciences Institute (ILSI) North America, International Life Sciences Institute (ILSI) Brazil,
Abbott Laboratories, Pulse Canada, Canadian Sugar Institute, Dr. Pepper Snapple Group, The Coca-Cola
Company, Corn Refiners Association, World Sugar Research Organization, and Società Italiana di Nutrizione
Umana (SINU), III World Congress of Public Health Nutrition, C3 Collaborating for Health, White Wave Foods,
Rippe Lifestyle, mdBriefcase. He has consulting arrangements with Winston & Strawn LLP, Perkins Coie LLP,
and Tate & Lyle. He is involved in the development of clinical practice guidelines and position statements with
the Canadian Diabetes Association (CDA), European Association for the study of Diabetes (EASD), American
Society for Nutrition (ASN), and Canadian Cardiovascular Society (CCS). He is a member of the International
Carbohydrate Quality Consortium (ICQC) and Board Member of the Diabetes and Nutrition Study Group
(DNSG) of the EASD. He serves an unpaid scientific advisor for the International Life Science Institute (ILSI)
North America, Food, Nutrition, and Safety Program (FNSP). His wife is an employee of Unilever Canada. No
competing interests were declared by Effie Viguiliouk, Sarah E. Stewart, Viranda H. Jayalath, Alena Praneet Ng,
Arash Mirrahimi, Sonia Blanco Mejia, Lawrence A. Leiter and Robert G. Josse. There are no patents, products in
development or marketed products to declare.

References
1.

2.

3.
4.
5.
6.

7.
8.
9.
10.

11.

Evert, A.B.; Boucher, J.L.; Cypress, M.; Dunbar, S.A.; Franz, M.J.; Mayer-Davis, E.J.; Neumiller, J.J.;
Nwankwo, R.; Verdi, C.L.; Urbanski, P.; et al. Nutrition therapy recommendations for the management
of adults with diabetes. Diabetes Care 2014, 37, S120–S143. [CrossRef] [PubMed]
Mann, J.I.; de Leeuw, I.; Hermansen, K.; Karamanos, B.; Karlstrom, B.; Katsilambros, N.; Riccardi, G.;
Rivellese, A.A.; Rizkalla, S.; Slama, G.; et al. Evidence-based nutritional approaches to the treatment and
prevention of diabetes mellitus. NMCD 2004, 14, 373–394. [CrossRef]
Dworatzek, P.D.; Arcudi, K.; Gougeon, R.; Husein, N.; Sievenpiper, J.L.; Williams, S.L. Nutrition therapy.
Can. J. Diabetes 2013, 37, S45–S55. [CrossRef] [PubMed]
Tonstad, S.; Butler, T.; Yan, R.; Fraser, G.E. Type of vegetarian diet, body weight, and prevalence of type 2
diabetes. Diabetes Care 2009, 32, 791–796. [CrossRef] [PubMed]
Tonstad, S.; Stewart, K.; Oda, K.; Batech, M.; Herring, R.P.; Fraser, G.E. Vegetarian diets and incidence of
diabetes in the Adventist Health Study-2. NMCD 2013, 23, 292–299. [CrossRef] [PubMed]
Orlich, M.J.; Singh, P.N.; Sabate, J.; Jaceldo-Siegl, K.; Fan, J.; Knutsen, S.; Beeson, W.L.; Fraser, G.E.
Vegetarian dietary patterns and mortality in Adventist Health Study 2. JAMA Intern. Med. 2013, 173,
1230–1238. [CrossRef] [PubMed]
Yokoyama, Y.; Barnard, N.D.; Levin, S.M.; Watanabe, M. Vegetarian diets and glycemic control in diabetes:
A systematic review and meta-analysis. Cardiovasc. Diagn. Ther. 2014, 4, 373–382. [PubMed]
Malik, V.S.L.; Tobias, D.K.; Pan, A.; Hu, F.B. Dietary protein intake and risk of type 2 diabetes in U.S. men
and women. Diabetes 2015, 64, A424.
Aune, D.; Ursin, G.; Veierod, M.B. Meat consumption and the risk of type 2 diabetes: A systematic review
and meta-analysis of cohort studies. Diabetologia 2009, 52, 2277–2287. [CrossRef] [PubMed]
Pan, A.; Sun, Q.; Bernstein, A.M.; Schulze, M.B.; Manson, J.E.; Willett, W.C.; Hu, F.B. Red meat consumption
and risk of type 2 diabetes: 3 cohorts of US adults and an updated meta-analysis. Am. J. Clin. Nutr. 2011,
94, 1088–1096. [CrossRef] [PubMed]
Pan, A.; Sun, Q.; Bernstein, A.M.; Manson, J.E.; Willett, W.C.; Hu, F.B. Changes in red meat consumption
and subsequent risk of type 2 diabetes mellitus: Three cohorts of US men and women. JAMA Intern. Med.
2013, 173, 1328–1335. [CrossRef] [PubMed]

9820

Nutrients 2015, 7, 9804–9824

12.
13.

14.

15.

16.

17.
18.
19.

20.
21.
22.

23.
24.

25.
26.

27.

28.

29.
30.

31.

Barnard, N.L.S.; Trapp, C. Meat Consumption as a Risk Factor for Type 2 Diabetes. Nutrients 2014, 6,
897–910. [CrossRef] [PubMed]
Azadbakht, L.; Atabak, S.; Esmaillzadeh, A. Soy protein intake, cardiorenal indices, and C-reactive protein
in type 2 diabetes with nephropathy: A longitudinal randomized clinical trial. Diabetes Care 2008, 31,
648–654. [CrossRef] [PubMed]
Hosseinpour-Niazi, S.; Mirmiran, P.; Hedayati, M.; Azizi, F. Substitution of red meat with legumes in
the therapeutic lifestyle change diet based on dietary advice improves cardiometabolic risk factors in
overweight type 2 diabetes patients: A cross-over randomized clinical trial. Eur. J. Clin. Nutr. 2014.
[CrossRef] [PubMed]
Wheeler, M.L.; Fineberg, S.E.; Fineberg, N.S.; Gibson, R.G.; Hackward, L.L. Animal versus plant protein
meals in individuals with type 2 diabetes and microalbuminuria: Effects on renal, glycemic, and lipid
parameters. Diabetes Care 2002, 25, 1277–1282. [CrossRef] [PubMed]
Hermansen, K.; Sondergaard, M.; Hoie, L.; Carstensen, M.; Brock, B. Beneficial effects of a soy-based dietary
supplement on lipid levels and cardiovascular risk markers in type 2 diabetic subjects. Diabetes Care 2001,
24, 228–233. [CrossRef] [PubMed]
Higgins, J.P.T.; Green, S. Cochrane Handbook for Systematic Reviews of Interventions Version 5.1.0, (updated
March 2011); The Cochrane Collaboration: London, UK, 2011.
Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.; Group, P. Preferred reporting items for systematic reviews
and meta-analyses: The PRISMA statement. PLoS Med. 2009, 6, e1000097. [CrossRef] [PubMed]
Ovidr MEDLINE(R). Available online:
http://gateway.tx.ovid.com.myaccess.library.utoronto.ca/
sp-3.17.0a/ovidweb.cgi?&S=EIMJFPILKKDDALJKNCJKNGJCKIJNAA00&New+Database=Single%7c1
(accessed on 20 November 2015).
Ovidr Embase Classic+Embase. Available online: http://gateway.tx.ovid.com.myaccess.library.utoronto.ca/
sp-3.17.0a/ovidweb.cgi (accessed on 20 November 2015).
Ovidr EBM Reviews-Cochrane Central Register of Controlled Trials.
Available online:
http://ovidsp.tx.ovid.com/sp-3.17.0a/ovidweb.cgi (accessed on 20 November 2015).
Heyland, D.K.; Novak, F.; Drover, J.W.; Jain, M.; Su, X.; Suchner, U. Should immunonutrition become
routine in critically ill patients? A systematic review of the evidence. JAMA 2001, 286, 944–953. [CrossRef]
[PubMed]
Markova, M.H.S.; Sucher, S.; Pivovarova, O.; Pfeiffer, A. Metabolic and molecular effects of a high-protein
diet in subjects with type 2 diabetes. Diabetologia 2015, 58, S335.
Miraghajani, M.S.; Esmaillzadeh, A.; Najafabadi, M.M.; Mirlohi, M.; Azadbakht, L. Soy milk consumption,
inflammation, coagulation, and oxidative stress among type 2 diabetic patients with nephropathy.
Diabetes Care 2012, 35, 1981–1985. [CrossRef] [PubMed]
Elbourne, D.R.; Altman, D.G.; Higgins, J.P.; Curtin, F.; Worthington, H.V.; Vail, A. Meta-analyses involving
cross-over trials: Methodological issues. Int. J. Epidemiol. 2002, 31, 140–149. [CrossRef] [PubMed]
Teixeira, S.R.; Tappenden, K.A.; Carson, L.; Jones, R.; Prabhudesai, M.; Marshall, W.P.; Erdman, J.W., Jr.
Isolated soy protein consumption reduces urinary albumin excretion and improves the serum lipid profile
in men with type 2 diabetes mellitus and nephropathy. J. Nutr. 2004, 134, 1874–1880. [PubMed]
Kontessis, P.A.; Bossinakou, I.; Sarika, L.; Iliopoulou, E.; Papantoniou, A.; Trevisan, R.; Roussi, D.;
Stipsanelli, K.; Grigorakis, S.; Souvatzoglou, A. Renal, metabolic, and hormonal responses to proteins
of different origin in normotensive, nonproteinuric type I diabetic patients. Diabetes Care 1995, 18, 1233.
[CrossRef] [PubMed]
Stephenson, T.J.; Setchell, K.D.; Kendall, C.W.; Jenkins, D.J.; Anderson, J.W.; Fanti, P. Effect of soy
protein-rich diet on renal function in young adults with insulin-dependent diabetes mellitus. Clin. Nephrol.
2005, 64, 1–11. [CrossRef] [PubMed]
Anderson, J.W.; Blake, J.E.; Turner, J.; Smith, B.M. Effects of soy protein on renal function and proteinuria
in patients with type 2 diabetes. Amer. J. Clin. Nutr. 1998, 68, 1347S–1353S. [PubMed]
Cohen, A.E.; Johnston, C.S. Almond ingestion at mealtime reduces postprandial glycemia and chronic
ingestion reduces hemoglobin A(1c) in individuals with well-controlled type 2 diabetes mellitus.
Metabolism 2011, 60, 1312–1317. [CrossRef] [PubMed]
Azadbakht, L.; Esmaillzadeh, A. Soy-protein consumption and kidney-related biomarkers among type 2
diabetics: A crossover, randomized clinical trial. J. Ren. Nutr. 2009, 19, 479–486. [CrossRef] [PubMed]

9821

Nutrients 2015, 7, 9804–9824

32.
33.
34.

35.
36.

37.

38.

39.
40.
41.
42.
43.

44.

45.
46.
47.

48.
49.
50.

51.

Gobert, C.P.; Capes, S.E.; Darlington, G.A.; Lampe, J.W.; Duncan, A.M. Soya protein does not affect
glycaemic control in adults with type 2 diabetes. Br. J. Nutr. 2010, 103, 412–421. [CrossRef] [PubMed]
Abd-Mishani, M.; Hosseinpour-Niazi, S.; Delshad, H.; Bahadori-Monfared, A.; Mirmiran, P.; Azizi, F. Effect
of modified diet on lipid profiles in type 2 diabetic patients. Iran. J. Endocrinol. Metab. 2014, 16, 103–110.
Yang, B.; Chen, Y.; Xu, T.; Yu, Y.; Huang, T.; Hu, X.; Li, D. Systematic review and meta-analysis of soy
products consumption in patients with type 2 diabetes mellitus. Asia Pac. J. Clin. Nutr. 2011, 20, 593–602.
[PubMed]
Liu, Z.M.; Chen, Y.M.; Ho, S.C. Effects of soy intake on glycemic control: A meta-analysis of randomized
controlled trials. Am. J. Clin. Nutr. 2011, 93, 1092–1101. [CrossRef] [PubMed]
Viguiliouk, E.; Kendall, C.W.; Blanco Mejia, S.; Cozma, A.I.; Ha, V.; Mirrahimi, A.; Jayalath, V.H.;
Augustin, L.S.; Chiavaroli, L.; Leiter, L.A.; et al. Effect of tree nuts on glycemic control in diabetes: A
systematic review and meta-analysis of randomized controlled dietary trials. PLoS ONE 2014, 9, e103376.
[CrossRef] [PubMed]
Blanco Mejia, S.; Kendall, C.W.; Viguiliouk, E.; Augustin, L.S.; Ha, V.; Cozma, A.I.; Mirrahimi, A.;
Maroleanu, A.; Chiavaroli, L.; Leiter, L.A.; et al. Effect of tree nuts on metabolic syndrome criteria: A
systematic review and meta-analysis of randomised controlled trials. BMJ Open 2014, 4, e004660. [CrossRef]
[PubMed]
Sievenpiper, J.L.; Esfahani, A.; Wong, J.M.; Carleton, A.J.; Jiang, H.Y.; Bazinet, R.P.; Vidgen, E.; Jenkins, D.J.
Effect of non-oil-seed pulses on glycaemic control: A systematic review and meta-analysis of randomised
controlled experimental trials in people with and without diabetes. Diabetologia 2009, 52, 1479–1495.
[CrossRef] [PubMed]
Puntarulo, S. Iron, oxidative stress and human health. Mol. Asp. Med. 2005, 26, 299–312. [CrossRef]
[PubMed]
Rajpathak, S.N.; Crandall, J.P.; Wylie-Rosett, J.; Kabat, G.C.; Rohan, T.E.; Hu, F.B. The role of iron in type 2
diabetes in humans. Biochim. Biophys. Acta 2009, 1790, 671–681. [CrossRef] [PubMed]
Hurrell, R.; Egli, I. Iron bioavailability and dietary reference values. Am. J. Clin. Nutr. 2010, 91, 1461S–1467S.
[CrossRef] [PubMed]
Bao, W.; Rong, Y.; Rong, S.; Liu, L. Dietary iron intake, body iron stores, and the risk of type 2 diabetes: A
systematic review and meta-analysis. BMC Med. 2012, 10, 119. [CrossRef] [PubMed]
Lee, D.H.; Folsom, A.R.; Jacobs, D.R., Jr. Dietary iron intake and Type 2 diabetes incidence in
postmenopausal women: The Iowa Women’s Health Study. Diabetologia 2004, 47, 185–194. [CrossRef]
[PubMed]
Fleming, D.J.; Jacques, P.F.; Dallal, G.E.; Tucker, K.L.; Wilson, P.W.; Wood, R.J. Dietary determinants of
iron stores in a free-living elderly population: The Framingham Heart Study. Am. J. Clin. Nutr. 1998, 67,
722–733. [PubMed]
Liu, J.M.; Stampfer, M.J.; Rifai, N.; Willett, W.C.; Ma, J. Body iron stores and their determinants in healthy
postmenopausal US women. Am. J. Clin. Nutr. 2003, 78, 1160–1167. [PubMed]
Barnard, N.D.; Katcher, H.I.; Jenkins, D.J.; Cohen, J.; Turner-McGrievy, G. Vegetarian and vegan diets in
type 2 diabetes management. Nutr. Rev. 2009, 67, 255–263. [CrossRef] [PubMed]
Fumeron, F.; Péan, F.; Driss, F.; Balkau, B.; Tichet, J.; Marre, M.; Grandchamp, B. Insulin Resistance
Syndrome (DESIR) Study Group. Ferritin and transferrin are both predictive of the onset of hyperglycemia
in men and women over 3 years: The Data from an Epidemiological Study on the Insulin Resistance
Syndrome (DESIR) study. Diabetes Care 2006, 29, 2090–2094. [CrossRef] [PubMed]
Jiang, R.; Manson, J.E.; Meigs, J.B.; Ma, J.; Rifai, N.; Hu, F.B. Body iron stores in relation to risk of type 2
diabetes in apparently healthy women. JAMA 2004, 291, 711–717. [CrossRef] [PubMed]
Jehn, M.; Clark, J.M.; Guallar, E. Serum ferritin and risk of the metabolic syndrome in U.S. adults.
Diabetes Care 2004, 27, 2422–2428. [CrossRef] [PubMed]
Tsimihodimos, V.; Gazi, I.; Kalaitzidis, R.; Elisaf, M.; Siamopoulos, K.C. Increased serum ferritin
concentrations and liver enzyme activities in patients with metabolic syndrome. Metab. Syndr. Relat. Disord.
2006, 4, 196–203. [CrossRef] [PubMed]
Houschyar, K.S.; Ludtke, R.; Dobos, G.J.; Kalus, U.; Broecker-Preuss, M.; Rampp, T.; Brinkhaus, B.;
Michalsen, A. Effects of phlebotomy-induced reduction of body iron stores on metabolic syndrome: Results
from a randomized clinical trial. BMC Med. 2012, 10, 54. [CrossRef] [PubMed]

9822

Nutrients 2015, 7, 9804–9824

52.

53.

54.

55.
56.
57.
58.
59.

60.
61.
62.

63.

64.

65.
66.

67.

68.

69.

Fernandez-Real, J.M.; Penarroja, G.; Castro, A.; Garcia-Bragado, F.; Hernandez-Aguado, I.; Ricart, W. Blood
letting in high-ferritin type 2 diabetes: Effects on insulin sensitivity and beta-cell function. Diabetes 2002,
51, 1000–1004. [CrossRef] [PubMed]
Lucotti, P.; Setola, E.; Monti, L.D.; Galluccio, E.; Costa, S.; Sandoli, E.P.; Fermo, I.; Rabaiotti, G.; Gatti, R.;
Piatti, P. Beneficial effects of a long-term oral L-arginine treatment added to a hypocaloric diet and exercise
training program in obese, insulin-resistant type 2 diabetic patients. Am. J. Physiol. Endocrinol. Metab. 2006,
291, E906–E912. [CrossRef] [PubMed]
Piatti, P.M.; Monti, L.D.; Valsecchi, G.; Magni, F.; Setola, E.; Marchesi, F.; Galli-Kienle, M.; Pozza, G.;
Alberti, K.G. Long-term oral L-arginine administration improves peripheral and hepatic insulin sensitivity
in type 2 diabetic patients. Diabetes Care 2001, 24, 875–880. [CrossRef] [PubMed]
Charles, S.; Henquin, J.C. Distinct effects of various amino acids on 45Ca2+ fluxes in rat pancreatic islets.
Biochem J. 1983, 214, 899–907. [CrossRef] [PubMed]
Henquin, J.C.; Meissner, H.P. Effects of amino acids on membrane potential and 86Rb+ fluxes in pancreatic
beta-cells. Am. J. Physiol. 1981, 240, E245–E252. [PubMed]
Herchuelz, A.; Lebrun, P.; Boschero, A.C.; Malaisse, W.J. Mechanism of arginine-stimulated Ca2+ influx into
pancreatic B cell. Am. J. Physiol. 1984, 246, E38–E43. [PubMed]
Newsholme, P.; Brennan, L.; Bender, K. Amino Acid Metabolism, β-Cell Function, and Diabetes. Diabetes
2006, 55, S39–S47. [CrossRef]
Sener, A.; Best, L.C.; Yates, A.P.; Kadiata, M.M.; Olivares, E.; Louchami, K.; Jijakli, H.; Ladrière, L.;
Malaisse, W.J. Stimulus-secretion coupling of arginine-induced insulin release: Comparison between the
cationic amino acid and its methyl ester. Endocrine 2000, 13, 329–340. [CrossRef]
Matsuda, M.; DeFronzo, R.A. Insulin sensitivity indices obtained from oral glucose tolerance testing:
Comparison with the euglycemic insulin clamp. Diabetes Care 1999, 22, 1462–1470. [CrossRef] [PubMed]
Thomas, D.E.; Elliott, E.J. The use of low-glycaemic index diets in diabetes control. Br. J. Nutr. 2010, 104,
797–802. [CrossRef] [PubMed]
Wang, Q.; Xia, W.; Zhao, Z.; Zhang, H. Effects comparison between low glycemic index diets and high
glycemic index diets on HbA1c and fructosamine for patients with diabetes: A systematic review and
meta-analysis. Prim. Care Diabetes 2015, 9, 362–369. [CrossRef] [PubMed]
Pereira, E.C.; Ferderbar, S.; Bertolami, M.C.; Faludi, A.A.; Monte, O.; Xavier, H.T.; Pereira, T.V.; Abdalla, D.S.
Biomarkers of oxidative stress and endothelial dysfunction in glucose intolerance and diabetes mellitus.
Clin. Biochem. 2008, 41, 1454–1460. [CrossRef] [PubMed]
Tong, M.; Neusner, A.; Longato, L.; Lawton, M.; Wands, J.R.; de la Monte, S.M. Nitrosamine exposure
causes insulin resistance diseases: Relevance to type 2 diabetes mellitus, non-alcoholic steatohepatitis, and
Alzheimer’s disease. JAD 2009, 17, 827–844. [PubMed]
Saudek, C.D.; Derr, R.L.; Kalyani, R.R. Assessing Glycemia in Diabetes Using Self-monitoring Blood
Glucose and Hemoglobin A1c. JAMA 2006, 295, 1688–1697. [CrossRef] [PubMed]
Center for Drug Evaluation and Research. Guidance for Industry: Diabetes Mellitus: Developing Drugs and
Therapeutic Biologics for Treatment and Prevention (DRAFT GUIDANCE); U.S. Department of Health and
Human Services Food and Drug Administration: Silver Spring, MD, USA, 2008; pp. 1–30.
Mudryj, A.N.; Aukema, H.M.; Yu, N. Intake patterns and dietary associations of soya protein consumption
in adults and children in the Canadian Community Health Survey, Cycle 2.2. Br. J. Nutr. 2015, 113, 299–309.
[CrossRef] [PubMed]
Phillips, S.M.; Fulgoni, V.L., 3rd; Heaney, R.P.; Nicklas, T.A.; Slavin, J.L.; Weaver, C.M. Commonly
consumed protein foods contribute to nutrient intake, diet quality, and nutrient adequacy. Am. J. Clin. Nutr.
2015, 101, 1346S–1352S. [CrossRef] [PubMed]
Berner, L.A.; Becker, G.; Wise, M.; Doi, J. Characterization of dietary protein among older adults in the
United States: Amount, animal sources, and meal patterns. J. Acad. Nutr. Diet. 2013, 113, 809–815.
[CrossRef] [PubMed]

9823

Nutrients 2015, 7, 9804–9824

70.

71.

Smit, E.; Nieto, F.J.; Crespo, C.J.; Mitchell, P. Estimates of animal and plant protein intake in US adults:
Results from the Third National Health and Nutrition Examination Survey, 1988–1991. J. Am. Diet. Assoc.
1999, 99, 813–820. [CrossRef]
O’Neil, C.E.; Keast, D.R.; Fulgoni, V.L., III; Nicklas, T.A. Food sources of energy and nutrients among adults
in the US: NHANES 2003–2006. Nutrients 2012, 4, 2097–2120.
© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open
access article distributed under the terms and conditions of the Creative Commons by
Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

9824

